Background: Fetal alcohol spectrum disorders (FASD) are the leading cause of mental retardation in the western world and children with FASD present altered somatosensory, auditory and visual processing. There is growing evidence that some of these sensory processing problems may be related to altered cortical maps caused by impaired developmental neuronal plasticity.
Introduction
Fetal Alcohol Spectrum Disorders (FASD) is an umbrella term describing a range of effects that can occur in an individual whose mother imbibed alcohol during pregnancy. This condition is considered the leading cause of mental retardation in the western world with as many as 40,000 cases per year in the United States [1] . The sensory cortex is one of the most affected areas in FASD and children with this condition present altered somatosensory, auditory and visual processing [2] [3] [4] [5] , and often autistic behavior [6] . There is growing evidence indicating that these sensory problems may be related to poor cortical map refinement, organization and plasticity [7] [8] [9] [10] [11] . However, the mechanisms that underlie such effects remain to be elucidated.
The development of sensory cortical maps generally involves an initial phase in which the basic structure of the map is formed, followed by a refinement phase in which connections are eliminated and strengthened by activity-dependent mechanisms [12] [13] [14] . Several lines of research indicate that the later phase relies on a delicate balance between excitation and inhibition and the activation of plasticity-related genes [15] [16] [17] [18] [19] [20] [21] . Early alcohol exposure can disrupt this balance in many ways such as reducing and increasing NMDA and GABA receptors function respectively [22] [23] [24] [25] [26] and altering calcium storage and release [27, 28] , which ultimately may affect gene expression [29] [30] [31] . The unspecific nature of the alcohol insult constrains the development of therapeutic approaches for sensory problems observed in models of early alcohol exposure. In fact, to date there is neither a cure nor an effective treatment for FASD. However, one possible approach might be to use pharmacological or molecular tools to improve the cellular machinery responsible for neuronal plasticity.
The cAMP response element-binding protein (CREB) is regulated by phosphorylation in response to neuronal activity patterns [32] and its role in neuronal plasticity has been long established. For instance, CREB function is required for consolidation of long-lasting plasticity, memory formation and circuitry development in several neuronal systems [19, 29, 33, 34] . Thus, the importance of CREB in regulating gene function and integrating physiological signals makes it an interesting molecular target to possibly overcome problems caused by early alcohol exposure. Therefore, intervening directly with CREB activation during development may ultimately allow for the maturation of sensory maps. Our recent findings [35] and other studies [36, 37] suggest that phosphodiesterase (PDE) inhibitors might be good candidates for enhancing CREB activation. PDE inhibitors prevent the breakdown of cAMP to 59-AMP, prolonging the activation of protein kinases that promote phosphorylation of CREB [38] , which in turn can enhance learning and memory in normal subjects [39] and restore ocular dominance plasticity in a FASD animal model [35] .
Here we show that early alcohol-exposure leads to a persistent impairment in CREB phosphorylation and that treatment with a PDE type 1 inhibitor, several days after the period of the alcohol insult, restores normal phosphorylation of CREB, which in turn leads to normal development of orientation selectivity maps and single cell orientation tuning, cortical features known to be disrupted by early alcohol exposure [9, 40] . These findings show for the first time that phosphorylation of CREB is critical for the maturation of orientation selectivity and suggest that plasticity enhancement by pharmacological agents may play a role in the treatment of sensory problems in FASD.
Results
In order to mimic alcohol binge drinking during the third trimester of pregnancy in humans, ferrets were injected with ethanol (3.5 g/kg, 25% in saline, i.p.) every other day between postnatal day (P) 10 to P30. This period is roughly equivalent to P4-P10 in rodents and to the third trimester equivalent of human gestation [9, 41] , and encompasses the time when thalamic axons start connecting with layer IV neurons in the primary visual cortex [42] . Our previous findings revealed that the blood alcohol levels (,250 mg/dl after 1-3 hours) as well as the frequency of alcohol exposure during this period disrupts orientation selectivity, without affecting visual responses [9] . Moreover, daily inspections of treated animals showed that alcohol exposure did not affect the time of eye opening (around P32 in the ferret).
Six days after the end of the alcohol treatment, animals received vinpocetine (40 mg/kg oral or 20 mg/kg i.p., see methods) or vehicle every day between P36 to P41, roughly the time of maturation of orientation selectivity in the ferret [43] . Vinpocetine treatment was done in a daily basis to maximize its effects, since our preliminary study done in rats indicated that the peak of vinpocetine action is within 8-12 hours after injection (supplemental material, Results S1, Figure S1 ). Optical imaging of intrinsic signals experiments were then conducted between P43 and P58 to examine the effects of vinpocetine treatment on the restoration of orientation selectivity. Figure 1a shows representative cases confirming our previous findings that orientation maps in ethanol treated animals had markedly reduced contrast [9] , so that the orientation domains were poorly defined at both cardinal and oblique orientations. The poor differential maps of Ethanol treated animals are unlikely to be explained by a peripheral effect of ethanol to the visual system [9] , with Ethanol treated animals presenting visual acuity similar to controls (supplemental material, Results S1, Figure S2 ). Remarkably, Ethanol+Vinpocetine treated animals exhibited well defined and high-contrast differential maps with normal spacing and pattern of domains at both cardinal and oblique orientations, similar to maps observed in Saline treated animals ( Figure 1a , differential maps). Moreover, single condition maps (Figure 1a) show that the reduction in contrast in Ethanol treated animals did not result from poor responses to visual stimulation. Ethanol treated animals showed strong cortical signals in response to visual stimulation at a single orientation, with the entire dorsal surface of V1/V2 uniformly darker than the background. Saline and Ethanol+Vinpocetine treated animals also showed strong cortical signals, but with a clear alternation of dark (visually responsive) and gray (non-responsive) areas (compare single condition maps in Figure 1a) .
Restoration of orientation selectivity maps
To quantify the effects of vinpocetine treatment, we computed the contrast of differential maps (see methods), as shown in Figure 1( (Figure 1b and c) . Oneway ANOVA (cardinal, F = 6.08, P = 0.007; oblique, F = 7.816, P = 0.002) followed by a Bonferroni test showed that Ethanol treated animals were significantly different from Saline (cardinal, p = 0.025; oblique, p = 0.002) and from Ethanol+Vinpocetine animals (cardinal, p = 0.012; oblique, p = 0.027). This analysis confirms our observations that Ethanol treated animals present poorly defined orientation domains [9] and shows that vinpocetine can restore its normal pattern. Quantification of signal intensity observed in the single condition maps (Figure 1d ; see methods), revealed that the mean pixel intensity (6SEM) of Ethanol (0.4260.04; n = 9 ferrets), Saline (0.4260.03; n = 11 ferrets), and Ethanol+Vinpocetine (0.4860.01; n = 8 ferrets) treated animals were similar (Oneway ANOVA, F = 1.62, P = 0.219), thus supporting that the response to visual stimulation in these animals was not reduced.
Re-establishment of the orientation selectivity homogeneity
Cortical responsiveness to visual stimulation at different angles is considerably homogeneous and has a tendency to be preferentially activated by vertical and horizontal contours than by contours at oblique angles (oblique effect [44] ). Figure 2a illustrates polar plots of representative cases from Saline, Ethanol, and Ethanol+Vinpo-cetine treated groups. Ethanol treated animals presented an uneven representation of visual responses to different orientations whereas Saline and Ethanol+Vinpocetine treated animals showed a homogeneous representation of visual responses (seen as even color distributions) throughout V1 and V2. To quantify the contribution of visual responses to a particular orientation we computed the pseudo-color pixel distribution of polar maps from Saline, Ethanol, and Ethanol+Vinpocetine treated animals ( Figure 2b and c, see methods). The majority of the Saline treated animals presented even color distributions with ''peak'' responses around the vertical and horizontal meridians (Figure 2b and c) , indicating a tendency to have more visual cortical activation to contours in the cardinal axis compared with those at oblique angles. This result confirms previous findings in normal ferrets that slightly more of the primary visual cortex is devoted to processing cardinal than oblique orientations [44] . In contrast, Ethanol treated animals showed heterogeneous pixel distributions (Figure 2b and c) indicating that alcohol exposure during the development of orientation selectivity columns profoundly disrupts the intrinsic homogeneity and oblique effect observed in normal animals. Remarkably, Ethanol+Vinpo-cetine animals exhibited a striking recovery, with homogeneous pixel distributions peaking at the cardinal orientations similarly to Saline treated animals (Figure 2b and c) .
The cumulative distributions of the Homi values (see homogeneity index, methods) confirm that Vinpocetine treatment restores the intrinsic homogeneity in alcohol exposed animals (Figure 2e and f). Saline and Ethanol+Vinpocetine treated animals exhibited rightshifted curves (close to 1.0) when compared with Ethanol treated animals ( Figure 2e and f), indicating that orthogonal responses for cardinal (0u+157 vs. 67.5u+90u) and oblique (22.5u+45u vs. 112.5u+135u) orientations present similar values (see methods). Kolmogorov-Smirnov comparisons revealed that the distribution of Homi indexes in the Ethanol+Vinpocetine animals (n = 9) is similar to that of the Saline (n = 6, Z = 1.1, P = 0.16) and significantly different from that of the Ethanol treated animals (n = 9, Z = 2.1, P = 0.03). Pinwheel densities and relationship with orientation preference maps A hallmark feature of the orientation selectivity cortical columnar organization is the presence of pinwheel centers: singularities in the orientation map around which all orientations are represented [45] . To further evaluate the effects of early alcohol exposure and vinpocetine treatment on cortical map organization, we counted the number of pinwheels (see methods) in Saline, Ethanol and Ethanol+Vinpocetine animals. Comparison of the number of pinwheel centers revealed that pinwheel densities were similar for all groups (Figure 2g ) and similar to previous data in ferrets [46] . In Saline animals the mean pinwheel density (6SEM) was 3.1460.15 (n = 6) per mm 2 of cortical surface area; in Ethanol animals, there were 4.2560.64 (n = 9) pinwheels/mm 2 ; and 3.4860.14 (n = 9) pinwheels/mm 2 cortical surface in Ethanol+Vinpocetine treated animals. 
Restoration of orientation selectivity at the neuronal level
Although vinpocetine treatment restores orientation selectivity maps in alcohol exposed animals, we cannot discard the possibility that at the cellular level, neurons still present orientation tuning deficits [9] . To examine this possible scenario we conducted extracellular single-unit recordings in the binocular region of the primary visual cortex of alcohol exposed animals that received vinpocetine treatment. An orientation selectivity index (OSi) was 
Preservation of normal visual properties
We also made use of extracellular single-unit recordings to verify whether alcohol and vinpocetine treatments resulted in abnormal visually driven activity. Confirming our previous data [8, 9, 35] In conclusion, the data shows that vinpocetine treatment after early alcohol exposure preserves robust responses to visual stimulation and normal signal to noise ratio in most cortical neurons.
Restoration of pCREB levels
To examine whether CREB function is related to the effects of early alcohol exposure on orientation selectivity as well as to its restoration by vinpocetine treatment we performed fluorescent immunoblots to assess pCREB levels in Saline (n = 10), Ethanol (n = 10) Ethanol+Vinpocetine (n = 8), and Saline+Vinpocetine (n = 10) animals. Similar to procedures done prior to physiological experiments, animals were exposed to ethanol or saline between P10-P30, and at P36 received a single dose of either vinpocetine (oral) or vehicle. We chose this age point since it is around the time that of orientation selectivity maturation in the ferret [43] . Nine hours after vinpocetine treatment, animals were euthanized with Euthasol (125 mg/kg, DelMarva labs, Midlothian) and their visual cortices collected. The timing for sample collection was based on a dose-response curve (supplemental material, Results S1, Figure S1 ) as well as previous studies [47] . The representative blot in Figure 4a indicates that pCREB levels were dramatically reduced in Ethanol treated animals but similar to control levels in Ethanol+Vinpocetine ones. Importantly, total CREB levels were neither affected by ethanol nor by vinpocetine. Quantification of immunoblots optical densities (Odyssey Application Software, 2.0) confirmed that vinpocetine treatment significantly increased CREB phosphorylation in Ethanol treated animals without affecting total CREB levels ( Figure 4b ). To further evaluate changes in CREB phosphorylation we compared pCREB/ GAPDH levels of Ethanol and Ethanol+Vinpocetine animals to their controls (Figure 4c ). To avoid the variability between blots we assured that each blot had at least one animal from each group, so that only bands in the same blot were directly compared. For the majority of Ethanol and Ethanol+Vinpocetine animals, pCREB levels were respectively lower and higher than control levels. Paired t-tests revealed significant differences between groups (Ethanol vs. Saline: t = 2.45, P = 0.037; Ethanol+Vinpocetine vs. Saline: t = 2.37, P = 0.049). These results indicate that: 1) vinpocetine treatment is effective in increasing the levels of pCREB in ethanol treated animals; 2) early alcohol exposure can promote long lasting impairment in CREB function; and 3) CREB function may be essential for cortical map development.
Discussion
Here we show that pCREB levels remain decreased after the period of early alcohol exposure in a ferret model of FASD. This decrease could account for poor circuit refinement [48] and as a consequence, for the disrupted development of orientation selectivity shown in Ethanol treated animals [9] . Phosphodiesterase inhibition by vinpocetine, however, was able to restore pCREB levels in these animals, thus providing the appropriate conditions for circuitry refinement driven by visual experience, which in turn could account for the normal development of orientation selectivity.
The importance of the CREB cascade for the development of orientation selectivity
The development of cortical orientation selectivity is known to require visual activity [14, 43, 49, 50] . However, how activity contributes to the development of cortical orientation selectivity or what the molecular basis for such activity-dependent processes is, still unclear. Orientation selectivity arises from a ''feed-forward'' process in which the spatial alignment of the on/off center receptive fields of geniculate afferents converge onto a simple Figure 4 . Vinpocetine treatment in alcohol exposed animals brings striate pCREB levels back to normal. (a) Representative fluorescent immunoblot showing pCREB (red) and CREB (green) levels. GAPDH (green) was used as loading control. Animals received ethanol or saline between P10-P30 and vinpocetine or vehicle at P36. Visual cortices were collected 9 hours (see supplemental material, Results S1, Figure S1 ) after vinpocetine administration. Note that pCREB levels were lower in Ethanol treated animals. PDE1 inhibition by vinpocetine restored pCREB to control levels. (b) Quantification of 5 immunoblots used to assess pCREB levels. Data normalized to controls. Average values for pCREB/CREB ratio as well as absolute pCREB levels (normalized by GAPDH) were higher in the Ethanol+Vinpocetine than in Ethanol animals (* P = 0.02 and ** P = 0.04, respectively; Paired ttest). Total CREB levels were similar in all groups. (c) Comparison of pCREB/GAPDH levels between groups. Each circle represents the value of a single animal normalized to its control in the same blot. Note that the majority of animals in the Ethanol and Ethanol+Vinpocetine groups present respectively lower and higher levels of pCREB when compared to controls. doi:10.1371/journal.pone.0006643.g004 cortical cell in layer IV. These simple cells in turn synapse onto layer II-III cells forming complex cells' receptive fields. Layer II-III cells are interconnected by horizontal connections, which link cortical columns that share iso-orientations domains together [13, 14, [51] [52] [53] . The establishment of this complex circuitry is believed to consist of an early experience-independent phase, in which the basic scaffold for cortical selectivity is achieved before eye opening, followed by a phase in which connections are refined by visual experience [13, 14, 50] . The prevailing theory used to explain the later experience-dependent plasticity phase relies on a Hebbian model in which mechanisms exist to strengthen synapses whose activity coincides with target depolarization beyond some threshold level [54] and to eliminate synapses whose activity is not correlated with postsynaptic activation [55] . This model requires a correlation detector that would signal synchronous pre-and postsynaptic depolarization. The characterization of NMDA voltagedependent blockade mediated by Mg 2+ [56] [57] [58] has led to the proposal that this subtype of glutamate receptor functions as a correlation detector [59] [60] [61] , playing a critical role in activitydependent synapse stabilization. Accordingly, previous studies in ferrets demonstrated that suppression of cortical NMDA function prevents the development of cortical orientation selectivity [62] . Further, inhibition has also been shown to play an important role in this model. It is believed that inhibitory circuits can ''improve'' the detection of activity imbalances by changing the cell's state relative to the threshold necessary for synapse stabilization [63] . Reduction of GABAergic inhibition after eye opening has been shown to perturb the development of cortical columnar architecture [64] .
But how could visual activity result in the plastic changes necessary for circuit refinements? Visual stimulation activates the NMDA receptor allowing calcium influx that, in turn, activates protein kinases, such as Ca ++ /calmodulin-dependent kinases or cAMP-dependent protein kinase A. These kinases phosphorylate the transcription factor CREB [19] , thereby activating it and leading to the transcription of plasticity-related genes that could ultimately strengthen synapses that exhibit high correlation or weaken/eliminate synapses that exhibit poor correlation. The importance of CREB function in the consolidation of long-term plasticity, memory formation and circuitry development has been demonstrated in several neuronal systems [19, 29, 33, 34] . In view of our present findings, the CREB cascade should also be considered an important factor in the development of cortical orientation selectivity.
Effects of early alcohol exposure on the development of orientation selectivity
Here, animals were exposed to alcohol from the second to the fourth postnatal week (P10 to P30), a period when lateral geniculate neurons are forming synapses with layer IV neurons [42] , and the orientation selectivity of cortical neurons start to develop [43, 49, 65] . Further maturation of orientation selectivity occurs after the end of alcohol exposure, until the adult state is reached around P38 [43, 49] . Vinpocetine treatment, on the other hand, was started on the sixth postnatal week (P36-P41), a period when the refinement of clustered horizontal connections takes place in the ferret [66, 67] . Based on this timeline, we can have a better understanding of how early alcohol exposure disrupts the development of orientation selectivity, and most importantly, how vinpocetine corrects it.
Alcohol may disrupt orientation selectivity by acutely suppressing NMDA receptor function [10, 23, 68] while enhancing GABA receptor function [69] thereby affecting CREB phosphorylation [70] [71] [72] . Following the end of ethanol exposure (P30), neocortical development and plasticity may be further disrupted as a result of substantial and long-lasting alterations of CREB activity [70] [71] [72] [73] , NMDA receptor activation [10, 26] , and GABAergic mediated inhibition [24, 25, 74, 75] . These long-term disruptions during the development of the ferret's receptive field properties [76] may result in abnormal establishment of the neural circuits required for orientation selectivity.
The fact that vinpocetine treatment was able to restore orientation selectivity in animals early exposed to alcohol suggests that, although NMDA and GABA receptor functions are affected by alcohol [10, 24, 26, 68, 74, 75] , the long-lasting alterations in CREB activity seem to be the main cause for the poor development of cortical orientation selectivity. When pCREB levels of alcohol exposed animals were restored during vinpocetine treatment, concomitantly visual activity triggered cortical cells and this activation was able to be translated into plastic changes that resulted in the normal refinement of cortical maps. In other words, NMDA and GABA receptors must be functional at some level, since systemic administration of vinpocetine resulted in the restoration of pCREB to cortical cells indiscriminately, yielding the recovery of cortical orientation selectivity. If this was not the case, the cellular ''input'' (NMDA and GABA receptors) would be unable to properly make the transduction of the visual information. Our extracellular single-unit results corroborate the idea that upstream factors in the cellular machinery are not severely affected in our model since alcohol treated animals present normal cellular response properties to visual stimulation (Figure 3c and d) and normal visual acuity (supplemental material, Results S1, Figure S2 ).
Another important aspect of our findings is that vinpocetine treatment takes place during the period of the refinement of layer II-III cortical horizontal connections in the ferret [66, 67] . Therefore, this suggests that CREB activity can play an important role in the strengthening and elimination of these connections. Accordingly, vinpocetine treated animals presented sharper orientation selectivity maps than Saline treated animals (Figures 1  and 2 ). However, our extracellular recordings indicate that at the neuronal level, Saline treated animals presented more orientation selective cells than Ethanol+Vipocetine treated animals did (Figures 3a), although this difference did not reach statistical significance. Taken together these results reinforce the hypothesis that vinpocetine treatment in alcohol exposed animals may improve the refinement of horizontal connections since optical imaging is limited to signal acquisition from superficial cortical layers. On the other hand, single-unit data includes recordings not only from layers II-III but also from deeper layers. Previous studies in mice demonstrated the involvement of CREB in the refinement of retinogeniculate axons in the dorsal thalamus [48] . Our findings suggest that similar mechanisms may also take place in the visual cortex of higher mammals.
However, one may argue that vinpocetine's restorative effects on orientation selectivity maps might be in part explained by its cerebral vasodilatory properties. While vinpocetine has vasodilatory effects [77] and optical imaging of intrinsic signals relies on changes in light refraction caused by hemodynamic signals [78] , it is unlikely that this would explain the restoration of orientation selectivity maps seen in our study. Previous findings demonstrated that optical imaging of intrinsic signals is related to blood oxygenation changes rather than increases in blood flow, which yields its great spatial resolution [78] [79] [80] [81] . While the effect of oxygen consumption by active cells is localized to a cortical column, the compensatory blood inflow seems to be spread out over multiple columns [78] [79] [80] [81] . Moreover, at the time of optical imaging experiments the animals were no longer under the effects of vinpocetine and the single unit and optical imaging data showed similar results.
Clinical relevance
Orientation selectivity is a property of visual cortex neurons that is thought to be essential for visual perception of shapes and borders [13, 14, 44, 82] . While there are no studies showing whether children with FASD have poor orientation selectivity maps, neuropsychological findings showing that patients with FASD present poor performance in perception of geometric designs support this hypothesis [3, 4] . Our present findings indicate that orientation selectivity maps once disrupted by early alcohol exposure can be restored by vinpocetine treatment. Therefore, our results suggest that PDE1 inhibitors could be used to ameliorate sensory deficits presented in children with FASD. Moreover, given that orientation selectivity circuitry maturation mechanisms and organization are likely to be present in other areas of the neocortex [13, 83, 84] , it is plausible to consider that PDE1 inhibitors may not be applicable exclusively to FASD.
Conclusion
In conclusion, we showed that administration of a PDE1 inhibitor several days after the period of alcohol exposure can improve cortical organization in the ferret model of FASD by restoring pCREB levels. Improving activity-dependent plasticity using PDE1 inhibitors should be seriously considered in other animal models of impaired cortical development, since orientation selectivity map formation is believed to share similarities to the development of other cortical areas [13, 83, 84] , and because impairments in sensory function are present in many other neurodevelopmental disorders [85] [86] [87] [88] [89] .
It is of great importance to devise treatment approaches that can be implemented long after the period of alcohol exposure. However, the biggest challenge to this has been the non-specific nature of the alcohol insult. Early alcohol exposure affects many neuronal biochemical and physiological properties [26] . To restore each one of these deficits is an unrealistic endeavor. However, it may be possible to ameliorate some of the neurobehavioral problems observed in FASD by using PDE inhibitors to enhance neuronal plasticity and improve sensory function [90] . In this regard, our findings could be of extreme importance from a clinical standpoint since they open the possibility for treating juveniles when prevention fails.
Methods
All procedures described in this paper were approved by the Institutional Animal Care and Use Committee at Virginia Commonwealth University.
Treatments
Ferrets were treated with 3.5 g/kg alcohol i.p. (25% in saline) or saline as control every other day between postnatal day (P) 10 to P30. This alcohol treatment leads to a blood alcohol level of approximately 250 mg/dl for 1-5 hours after injection [8] . Between P36-P41 Ethanol treated animals received either 40 mg/kg of vinpocetine (oral, mixed in Nutricalß, n=6) or 20 mg/kg (i.p., dissolved in DMSO, n = 3). The results were similar between these groups and the animals were pooled together. As a control, alcohol treated animals received Nutricalß (oral, n = 7) or DMSO solution (i.p., n = 2). The results were also similar between these two control groups and these animals were pooled together. Integrity of orientation selectivity columns were evaluated 1-7 days after vinpocetine (or control) treatment by optical imaging of intrinsic signals. Orientation tuning at the neuronal level was analyzed by single-unit recordings (Saline n = 4; Ethanol n = 5 and Ethanol+vinpocetine n = 6). Levels of pCREB and CREB were obtained in immunoblots from Saline (n = 10), Ethanol (n = 10) and Ethanol+Vinpocetine (n = 8) animals. Similar to the procedures done prior to physiological experiments, animals were exposed to ethanol or saline between P10-P30, and at P36 received a single dose of either vinpocetine (oral) or vehicle. Nine hours later, animals were euthanized with Euthasol (125 mg/kg, DelMarva labs, Midlothian, VA) and their visual cortices collected.
Optical imaging of intrinsic signals
Animals were premedicated by subcutaneous injection of a tranquilizer (acepromazine, 1 mg/kg), and a muscarinic antagonist (methyl atropine bromide, 0.2 mg/kg) to reduce bronchial secretion, as well as dexamethasone sodium phosphate (0.5 mg/ kg) to reduce inflammation. Animals were then anesthetized using sodium pentobarbital (35 mg/kg, Abbott Laboratories, North Chicago, IL) and placed in a stereotaxic frame. No procedures were started until the animal was sufficiently anesthetized, as ascertained by the loss of withdrawal and cornea-blink reflexes. A tracheal cannulation was performed, and the animal was placed on a ventilator and paralyzed using pancuronium bromide (0.2 mg/kg, i.p.). To comply with NIH guidelines for use of paralytic agents and to certify that the animals were maintained at an appropriate level of anesthesia, use of muscle relaxants was omitted in some experiments and withdrawal reflexes were monitored in these animals. Similar procedures have been previously described and shown to be appropriate for visual physiology studies conducted in ferrets [8, 9, 35, 91] . Heart rate, expired CO 2 and arterial blood oxygen saturation (SpO 2 ) were monitored continuously and maintained at approximately 270 bpm, 4.0% and above 90%, respectively. Body temperature was maintained at 38uC using a homeostatic blanket. Supplemental doses of pentobarbital (12 mg/kg) were given every hour throughout the experiment or when heart rate or expired CO 2 increased, a procedure previously shown to preserve visual responses over time [8] . Nictitating membranes were retracted using phenylephrine hydrochloride (2.5%), the pupils were dilated with atropine sulfate (1%) and contact lenses were placed on the corneas. Subcutaneous injections of 10% dextrose and 0.9% saline were given to prevent dehydration. Clarity of optical media and retina integrity was evaluated before and during each experiment with the aid of an ophtalmoscope. No animal presented opacity or any evident alteration that would affect proper vision.
Optical imaging of intrinsic signals was performed with Imager 2001 VSD+ (Optical Imaging System Inc., Germantown, NY) using imaging methods slightly modified from those described elsewhere [8, 9, 35, 91] . A craniotomy was made over the left hemisphere to expose the dorsal area of the occipital cortex. The dura was reflected and the opening filled with agar (2.5% in saline) and covered with a glass coverslip. An image of the vascular pattern was then obtained by illuminating the cortical surface with a green filter (approximately 550 nm) using a tungsten-halogen light source. Next, images of intrinsic signals were obtained using a red filter (approximately 700 nm). Visual stimulation consisting of high-contrast square wave gratings (8.75u dark phase/1.25u light phase) was generated on a 21-inch monitor (Sony Trinitron) using SGT+ graphics board and STIM software. Gratings were presented to both eyes at an angle of 0u, 45u, 90u or 135u and drifted (22.5u/sec) in both directions along the axis orthogonal to the orientation of the grating. A single trial consisted of these four gratings and a blank screen presented to each eye for 9 sec in a pseudorandom sequence, with data acquisition during the last 8 sec. A total of 20 trials were performed for each eye and the summed images were used to obtain single condition maps by subtracting responses to each angle (0u, 45u, 90u and 135u) from responses to a blank screen. In these images, dark areas correspond to regions responsive to a specific angle. In addition, differential maps (cardinal and oblique) were obtained by subtracting the optical signal at one orientation from the response obtained at the orthogonal orientation (cardinal: 0u-90u; oblique: 45u-135u). For some animals, four intermediate angles (22.5u, 67 .5u, 112.5u, and 157.5u) were also employed to generate polar maps.
Differential maps-contrast analysis
Quantitative analysis of orientation selectivity was done by assessing the contrast level of the differential maps. To obtain a quantitative estimate of contrast texture, differential maps were mixed with the floating point files clipped at 63SD from the median. The resulting 8 bit difference images were rescaled from 0 to 255 and the contrast was calculated based on the Grey-LevelCo-Occurrence Matrix contrast texture technique described by Haralick and colleagues [92] . This analysis quantifies the dependencies between neighboring pixels and patterns of variation in image brightness within a region of interest (ROI). We used Image J's (version 1.37, National Institutes of Health, USA) Texture Analyzer plug-in (Julio E. Cabrera, http://rsbweb.nih. gov/ij/plugins/texture.html) to compute the contrast texture of differential maps (cardinal and oblique). Three contrast values were obtained for each differential image (2486160 pixels) from 3 non-overlapping ROIs (55655 pixels) that included V1 and V2, covering nearly the entire map surface. The contrast values were then summed to obtain a contrast value for a single differential map. A value near to 20,000 indicates a high contrast level (high degree of selectivity), and a value close to 10,000 indicates a low contrast level (poor degree of selectivity).
Differential maps-signal strength
To compare the strength of visual responses across the different treatment groups we computed the signal intensity observed in single condition maps. An estimate of signal intensity was obtained by first computing the pixel distribution along a grayscale containing 128 levels of gray in 8 bit single condition images clipped at 63SD from the median. In this scale, 0 represents lack of responses and 127 the strongest possible response to visual stimulation. For each single condition map (0u/blank stimulus [bs], 45u/bs, 90u/bs and 135u/bs), the pixel distribution was obtained from an ROI drawn manually to include V1 and V2. To avoid sampling biases, for each animal, ROIs were outlined on maps of total visual response (0u+45u+90u+135u/blank stimulus). Next, a signal intensity index (SIi) was calculated for each condition according to the following formula:
where P is the number of pixels in each one of the 128 grayscale levels, P t is the total number of pixels in the ROI and A m is an arbitrary number ranging from 1.0 to 100.0 such that for each grayscale level there is a correspondent A m value. Thus, an SIi value of 1.0 would indicate that the entire visual cortex is maximally activated. However, signal intensity is expect to vary within a single condition map [9] , reflecting alternation of regions with high signal intensity located within the orientation columns and regions with low signal intensity located outside of the columns. For each animal, the SIi for each one of the 4 single conditions was averaged.
Homogeneity index
Cortical responsiveness to visual stimulation at different angles is considerably homogeneous and preferentially activated by cardinal contours rather than by contours at oblique angles (oblique effect [44] ), with response peaks around 0u and 90u orientations. To verify this intrinsic property of the visual system of higher mammals we first calculated the pixel distribution of pseudo-colors in polar maps for all treated groups. Briefly, the 8 bit images were clipped at 63SD from the median and color histograms were made using Image J software (Color Histogram plug-in, Kai Uwe Barthel, Internationale Medieninformatik, Berlin, Germany, http://rsbweb.nih.gov/ij/plugins/color-inspector.html) in an ROI drawn manually to include V1 and V2. To avoid biases in the identification of the area of cortical responsiveness, ROIs were outlined on maps of total visual response (0u+45u+90u+135u/blank stimulus) and then superimposed on the respective polar map. Next, homogeneity indexes (Homi) were computed from the pixel distributions according to the following formulas: Where P is the sum of pixels from adjacent stimuli orientations, and Homi car and Homi obl correspond to responses from cardinal and oblique stimulus orientations respectively. The response to each one of the eight angles (number of pixels) was normalized for all treated groups. Indices of 1.0 indicate similar responses across orthogonal orientations.
Pinwheel counting
Pinwheel numbers and densities were determined in a similar way as previously described elsewhere [93] . Briefly, identification of pinwheel centers was based on the crossing of the 0u/90u with the 45u/135u-orientation contours, respectively. Pinwheel centers were visually counted with the aid of Image J software (version 1.37, National Institutes of Health, USA) from an iso-orientation contour image derived from the corresponding angle map. To avoid any counting bias, the experimenter was unaware of the treatment condition of the animals. The angle map area was calculated from an ROI drawn manually to include V1 and V2 and then superimposed on the respective polar map. To avoid biases in identification of the area of cortical responsiveness, ROIs were outlined on maps of total visual response (0u+45u+90u+135u/ blank stimulus). The total number of pixels was sampled using Image J. The average (6SEM) area sizes of cortical maps were similar between all groups: 268.36612.02 mm 2 for Saline (n = 6 animals), 205.84619.68 mm 2 for Ethanol (n = 9 animals), and 253.2169.26 mm 2 for Ethanol+Vinpocetine (n = 9 animals). No significant size differences were observed (P = 0.088, Multivariate ANOVA).
We also investigated the relationship between the number of pinwheels and the cortical representation of visual responses to gratings of different orientations. For each polar map, we divided the number of pixels in each pseudo-color (see above) by the total number of pinwheels.
In vivo electrophysiology
Animals were premedicated, anesthetized and ventilated with similar procedures described for optical imaging. Temperature, heart rate, expired CO 2 and SpO 2 were monitored continuously. A craniotomy (3-4 mm in diameter) was performed to expose the binocular region of the left primary visual cortex where recordings were performed. Single-unit recordings were conducted using a glass-coated tungsten microelectrode with a 5 mm exposed tip lowered into the primary visual cortex at approximately 20u to the vertical. To minimize sampling bias, single-units used in this study were separated by at least 100 mm along the electrode track. After the isolation of a single-unit, its receptive field was mapped and the optimal stimulus orientation, direction and velocity were determined qualitatively using a moving bar of light projected onto a tangent screen. Ocular dominance, spontaneous activity and number of spikes per stimulus were then quantitatively determined for each cell by presenting a computer-controlled bar of light to each eye. Each stimulus presentation consisted of the bar of light moving across the receptive field at the optimal orientation in one direction and back across in the opposite direction. To assess orientation selectivity, the moving bar of light was presented to each eye separately at four orientations centered around the optimal (0u, 45u, 90u and 135u). Spikes were collected during the 10 stimulus presentations by a computer using Spike 2 software (Cambridge Electronics Design, Cambridge, UK) and peristimulus histograms were generated. Spontaneous activity was determined by recording activity in the absence of stimulation. At the conclusion of the electrophysiology experiment, ferrets were killed with Euthasol, (125 mg/Kg, i.p.; Delmarva labs, Midlothian, VA).
Neuronal orientation selectivity
To quantify the orientation selectivity based on the single-unit recordings, an orientation selectivity index (OSi) was obtained for each cell by using the following formula:
Where VR is the visual response (in spikes per second) to different orientations (opt, optimal; 90u to optimal; obl, 45u to optimal or 135u to optimal). Indices of 1.0 indicate a high degree of selectivity.
Western blotting
Ferret visual cortices were dissected at P36 (n = 38), frozen on dry ice and stored at 280uC then homogenized in Tissue Extraction Buffer (Biosource, Carlsbad, CA) with a Protease and a Phosphatase inhibitor cocktail (Sigma, St. Louis, MO). Due to the fact that western blot studies normally require large sample sizes and that ferrets are a USDA protected species, we limited our western blot analysis to a single age point. Protein concentrations were measured using Bradford protein assay with bovine serum albumin as a standard (Bio-Rad, Hercules, CA). Next, 50 mg of total protein was resolved by SDS-PAGE (10% Tris-HCl Rgels, Bio-Rad, Hercules, CA) and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). Blots were incubated in blocking buffer (LI-COR, Lincoln, NE) for 1 hour, then incubated in Phospho-CREB (Ser133) (87G3) rabbit mAb (1:200, Cell Signalling Tech.) overnight at 4uC. This was followed by two hours of incubation in CREB (86B10) mouse mAb (1:200, Cell Signalling Tech.) at room temperature, then one hour in GAPDH mouse mAb (Sigma, St. Louis, MO). The secondary antibodies were goat anti-mouse IRDye 800CW IgG and goat anti-rabbit IRDye 680 IgG (1:4000, LI-COR, Lincoln, NE). Blots were detected by Odyssey Image System (LI-COR, Lincoln, NE).
Supporting Information
Results S1 a)Effects of PDE type 1 inhibition on cAMP and pCREB levels. b)Alcohol exposure during the third trimester equivalent of human gestation does not affect visual acuity in the ferret. 
